Abstract-The resistive component of the bioimpedance was non invasively assessed in both right and left forearms of 11 healthy female and 9 male subjects (28.4 ± 1.4 years; 63.8 ± 11.8 kg; 167.4 ± 7.5 cm) all of which were right-handed. A homemade electrical impedance spectroscopy device which implemented the AD 5933 electronic board from Analog Devices Inc., USA, was utilized, and the bipolar modality of bioimpedance assessment was chosen using two disposable ECG surface electrodes placed in each end of the biceps brachial muscles while subject were comfortably sitting. Forearms resistance was acquired at sweeping frequencies steps of 15, 30, 45, 60 and 75 KHz. Results showed a significantly lower mean value of resistance in right versus left forearms (-27.4 Ω, P<0.05), or about -4%, at the frequency of 15 KHz. Even though there was a progressive reduction, this right versus left forearm resistance difference persisted as statistically significant up to the frequency of 45 KHz. It was concluded that the risk of some mistakes do exists when lymphedema may occur in one arm and electrical impedance spectroscopy was utilized to monitoring in that arm the water volume trend in comparison with the other side arm since these results underline in the main forearm a largely low value of the resistance than in the auxiliary one, even in healthy subjects. So, care must be taken when the electrical impedance spectroscopy was adopted in these clinical assessments.
I. INTRODUCTION
Changes in the structural composition of the arm of one side with respect to that of the other side often may indicate not only proper adaptations in that arm, like as what happens in athletes engaged in asymmetric sports specialties [1] , but also several illness occurring in other body organs. In fact, it has been found that a lot of post-breast cancer people shows accumulation of lymph fluid in the arm of the affected side [2] . In considering that it is well known that a strict inverse correlation does exist between the water content in a body segment and the real component of the electrical impedance (i.e. the resistance) when an alternate electrical current flows through that body at a low frequency [3] , it has been utilized the lymph content ratio between unaffected and affected lymphedema arms as a good meter to establish severity degree of the cancer-related lymphedema [4, 5] . Nevertheless, often these differences in electrical resistance between the affected and unaffected arms not reaches 10 Ohm, or a very few difference in considering that the volume increase in the affected limb could reach about 200 ml [5] . Another type of patients for which there may be differences in the water content between the two arms are those periodically submitted to hemodialysis [6] . In fact, by utilizing the multifrequency bioimpedance method, it has been found that, both prior and after dialysis, patients with right-side brachial fistulae when compared with the left side arm had a greater percentage of brachial extra cellular water (or lower electrical impedance at an injected current with a low frequency) with respect to the total body one. On the basis of what is described above, it appears that some measurement errors can occur if, before the clinical treatment, the impedance of the two arms turns out to be different. In fact, one might expect that in the dominant arm, due to its greater use, the muscular masses may be more consistent than in the auxiliary arm, and this would result in the presence of a greater quantity of water in that dominant arm, hence a lower value of the resistive component of its bioimpedance may occur. To verify if the above suggestion possesses or not a concrete foundation, in a group of healthy subjects we compared electrical resistance changes in both right and left upper arms to which was applied an alternated electrical current by means of a low constant voltage (1.0 Vpp) with a sweep of frequency from 1kHz to 300 kHz.
II. MATERIALS AND METHODS

A. Subjects
Twenty healthy subjects of which 9 males and 11 females, (age: 28.4 ± 1.4 years, weight: 63.8 ± 11.8 kg, height: 167.4 ± 7.5 cm) underwent to the experiment. All the participants were right-handed and were medical students who attended the internship at the medical department or postgraduate specialists in internal medicine, which were employed at the University Polyclinic of Cagliari. All of them were very skilled about the experimental tests conduction, nonetheless they signed their informed consensus and, in any case, the experiment was done in respect with what was stated in the Helsinki declaration of 2000.
B. Instrumentation and experimental protocol
Upper arms electrical impedance spectroscopy (EIS) was assessed by means of an homemade portable device which implemented the electronic board AD5933 from Analog Devices Inc., USA [7] by using the electrodes bipolar configuration; it was powered by a USB gate of a laptop PC which, in turn, was not connected to the fixed electricity network. The device injected an electrical current with a frequency sweep from 1 kHz to 300 kHz at a constant tension of 1.0 Vpp, so the maximum output current is 0.25 mA (typical Short-Circuit Current to Ground at VOUT) [7] . As shows figure 1, disposable ECG electrodes were used to inject/detect the EIS signals in the forearms.
The experimental sessions were made at the internal medicine ambulatory of the University Polyclinic of Cagliari, in Italy. Firstly, a medical history was acquired regarding possible pathological conditions that, being in place, could affect the quality of the bioimpedance information assessing. Then, age, weight and height of each subject were obtained as well as the length of each humerus bone that was made by an expert physician starting from the glenohumeral joint until the olecranon fossa in the humerus bone. Also the maximal circumferences at the relaxed forearm muscles were measured just at the level of the biceps muscle belly.
After these preliminary anthropometric measurements were done, each subject was sitting on a comfortable chair with the upper body muscles as relaxed as possible and with each hand resting on the quadriceps muscle of the same side leg and having the palm facing upwards. The elbow angle of each arm was carefully chosen by the operator in such a way to approximate at the best the biceps belly position on the ideal line on which lies the atrio-ventricular septum of the heart. As is known [8] , in standing subjects the spatial position of this heart septum, referred to the ground, corresponds to the condition in which the hydrostatic component of blood pressure is practically equal to zero. Fig. 1 The image concerns a male participant to which was applied the two disposable electrodes: the one just on the junction between left biceps upper side to corresponding tendon and the other on the junction between lower muscle side and corresponding tendon. The hand had the palm facing upwards and the elbow angle was carefully positioned to approximate the biceps belly (see red arrow) on the ideal line on which lies the atrioventricular septum of the heart.
In this way, by placing the two electrodes equidistantly from the biceps belly along the humerus, the transmural pressure of the capillary vessel wall, which affects the flow of water and solutes between the inner and outer of blood capillaries, practically depended solely on the vis a tergo generated by the systolic ejection of the heart, thus minimizing extra-vascual water accumulation or its reduction due to adding or subtracting the hydrostatic component to the blood pressure generated by the cardiac systole. Obviously, the reaching of this hemodynamic equilibrium through the measurement points of the arms will consent to better assess possible differences in the water content due to physiological or pathological differences between forearms that took place previously, thanks to the comparison among the real components, i.e. the electrical resistance (R F ), of the arms impedance. Then, in each forearm two disposable electrodes were applied just in correspondence of upper and lower tendon-muscle junctions making sure that both were equidistant from the biceps belly (see Figure 1) . After a few minutes in which upper body of the subject was as relaxed as possible so that the only muscular force present in the muscles of the forearms was that depending from their basic postural control, a condition this latter that was semiotically verified by a skilled physician through specific palpations of the arms, then the EIS measurements could begin.
Each EIS measurement was repeated 3 times and the mean lasting time measurement for an electrode couple was about 20 s.
C. Data acquisition and processing
About the impedance variables assessed by the board AD5933 from each forearm, we considered only the real component of the arms impedance, i.e. the R F , since its magnitude well represents the water volume within a biological tissue. From each arm of each subject we acquired R F values corresponding to increasing frequency steps of 15 kHz (f step ), starting from 15 kHz. We chose this relatively high frequency value in order to avoid noise and distortions in the acquisition of the electrical signals that are typical of low frequency circuits [9] . Signals from arm electrodes were acquired by the AD5933-development and this data was exported to laptop PC with a dedicate software. The software processed the acquired data in such a way of obtain the R F mean value of those three assessments in succession by the device from each forearm of each subject at each increasing f step .
Then the cumulative mean ± SD was calculated among the previous calculated mean R F values of each subject at a given f step , making sure to separate data from right forearms to those from the left ones. To verify if possible differences among compared data were statistically significant the Student's t test for paired data was applied, and a P < 0.05 was considered as significant.
Where appropriate, we applied the regression method to assay possible mathematical function which could tie some variables together. Moreover, the Bland and Altman plot [10] was also applied to investigate on relationships among possible right versus left forearms differences in R F occurring while f step increased. In fact, this method compares two different generator of the same variable which, in this case, where the right and left forearms that both gave the same variable: the R F . The hypothesis was that if the two forearms were structurally equals then the assessed R F from both of them could be identical at each applied frequency. Otherwise the structure of the arms would have been different and this, above all, would be due to the different quantity of water into them. The MedCalc statistical package (Belgium) was utilized to investigate about data differences.
III. RESULTS
Anthropometric measurements of forearms showed that no statistically significant difference existed between right (28.6 ± 2.6 cm) and left (28.7 ± 2.7 cm) homerus length (P = 0.81) as well as between right (27.5 ± 3.5 cm) and left (27.6 ± 3.3 cm) circumference of the forearms at level of the biceps belly (P = 0.59). Thanks to those anthropometric results which, reasonably, allowed us to consider that between the forearms of the subjects tested there were no morphological differences, we avoided to normalize assessed values of R F with the forearms dimensional parameters. As shown in Table 1 , we compared differences in R F between forearms only in correspondence of discrete intervals of the frequency sweeping, i.e. the f step .
The table 1 indicates that, with the f step that increased from 15 kHz to 45 kHz, both the right and left values of R F reduced progressively. Interestingly, the mean value of right forearm R F was significantly lower than in the left one.
Nevertheless, as the frequency increased the R Fr-l reduced progressively up to became not statistically significant when the injected current overcame a frequency of 45 KHz. So we continued to assess R F values only up to a f step of 75 kHz. Figure 2 shows the regression curve of the R Fr-l values versus the corresponding f step and it is well represented (P = 0.003) by the equation (1).
Equation (1) consents to quantify the behaviour of the R Fr-l when the f step increased. In fact, it appears that if on the one hand the R Fr-l would increase almost in a unitary way when the fstep increases by each expected step of 15 kHz (as shown by the first term of the equation in which fstep has the exponent 1), at the same time this increase of R Fr-l is powerful contrasted by the second term of the equation where f step has exponent 2. In fact, stepping from 15 to 30 20190409 FOREARMS ELECTRICAL IMPEDANCE SPECTROSCOPY con Formato.docx kHz the reduction in R Fr-l was of 8.3 Ω while stepping from 60 to 75 kHz the R Fr-l reduced of only 1.5 Ω. The Bland & Altman plots represented in figure 3 show that, from 15 kHz to 60 kHz, the R Fr-l of quasi all the tested subjects, plotted against the averages of the two measurements, fall within the 95% confidence interval. The plots also shows that the gap between the X axis corresponding to zero differences (red lines) and the parallel line to the X axis that corresponds to the real mean of the R Fr-l (black lines) are the mean bias between the two forearms. Also in the plots is shown that, after the frequency step of 30 kHz, the regression line of the R Fr-l values versus the measurements averages is progressively inclined downwards to right.
IV. DISCUSSION
In summarizing the results from these experiments we could highlight three main occurrences. The first concerns the lower R F values assessed from the right forearm with respect to the left one; the second refers to the progressive reduction in this R F right versus left difference as the current frequency increases; the third is the tendency to reduce more the right R F with respect the left one in those subjects who showed highest average values in the two measurements when the frequency was over 30 kHz.
The first occurrence could be explained considering that the main arm could have developed greater muscle mass at the level of the biceps due to the greater frequency and strength with which this muscle is daily engaged compared to that of the left arm. Fig. 3 Bland and Altman plots are presented for frequency step increasing from 15 to 60KHz. Each empty circle represent a tested subject. They show that the gap between the X axis, corresponding to zero differences (red straight line) and the parallel line to the X axis (black straight line) that concerns to the real mean of the RF differences (Rr-l) didn't overlap. Moreover, the line of the regression among points shows to reduce its pendency when frequency overcame 45 KHz.
The increase in muscle mass of the biceps agrees well with a consequent increase in the intra and extracellular water content also due to the fact that the prolonged physical training of the main arm could induce a significant increase in its vascularisation [11] . Therefore, larger volume of water into the right forearm well justify its lover R F with respect the left one. Concerning the second occurrence for which R F progressively diminished with the frequency increase, it could be considered that, at relatively low frequencies, the current could be blocked by membrane capacitances that could stay serially positioned with respect to resistive components through which it was flowing. As the frequency increased those capacitances behaved as shortcircuit thus unlocking those resistive component serially connected to them, so enlarging the number of resistive components staying together in parallel [12] . Then in both forearms, the observed frequency dependent, progressive reduction of the R F , could be justified in this way. As shows the Bland and Altman diagrams, the R Fr-l increased progressively at highest frequencies as increased the averages of the two measurements. This could be explained admitting that, in the dominant arm, the intracellular organelles were more and bigger than in the auxiliary one, due to the higher physical engagement of this forearm. These organelles could be considered as cells inside the cells, i.e. an electrolytic medium contained in a dielectric membrane immerse 20190409 FOREARMS ELECTRICAL IMPEDANCE SPECTROSCOPY con Formato.docx into an electrolytic medium, for this, the membranes of organelles were in turn short-circuited by very high frequency so unlocking the current passage through they [12] . This effect, in the cells of the main arm could result in an increasing fall of the R F , as a function of the increasing frequencies, which was more consistent than in the auxiliary arm. As the consequence of that occurrence, a progressive R Fr-l reduction depending from the augmenting frequency of the injected current might happens.
V. CONCLUSIONS
These experimental results highlights the risk of the occurrence of some mistakes when lymphedema may occur in one arm and EIS was utilized to monitoring, in that arm, the water volume trend in comparison with the other side arm. In fact, these results underline in the main forearm a largely low value of the resistance than in the auxiliary one, even in healthy subjects. So, care must be taken when the EIS was adopted in these clinical assessments. A further suggestion arising from these results concerns the identification of a low threshold in the injected current frequency since they shows that down 45 kHz the resistance differences among main and auxiliary arm could be present.
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